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Study Site Details

Credit: International Space Station Imagery – © NASA

❑ Details

• Elevation: 1897 m

• Max. Depth: 501 m

• Avg. Depth: 300 m

• Surface Area: 490 km2

• Climate: Dry-summer continental (Koeppen: Dsb)

• Oligomictic (avg. mixing every ~4 years)

• ~69 inlets, only 1 outlet (Truckee River)

Lake Tahoe
(39.155° N, 120.072° W)

© 2017 California Institute of Technology. Government sponsorship acknowledged.

❑ Issues

✓ Water Quality and Clarity

✓ Ecosystem Sustainability

✓ Tourism

✓ Economics

✓ Outdoor Recreation

❑ Facts

➢ Largest alpine lake in North America

➢ Second deepest lake in the United States 

➢ Sixth largest by volume behind the Great Lakes



Motivation for the Study

Recently, reservoirs across the western United States have been experiencing extremely low 

water levels with water demands increasing and supplies decreasing. 

© 2017 California Institute of Technology. Government sponsorship acknowledged.

(Fulp, 2005; Barnett and Pierce, 2008)
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Motivation for the Study

Recently, reservoirs across the western United States 

have been experiencing extremely low water levels with 

water demands increasing and supplies decreasing. 

Open water evaporation is one of the most difficult 

surface energy/water fluxes to quantify, and is rarely 

directly measured in the natural environment.

© 2017 California Institute of Technology. Government sponsorship acknowledged.

(Fulp, 2005; Barnett and Pierce, 2008)

Natural Rim Elevation

Legal Storage Limit

Lake Tahoe Water Level (1901 – 2015)



Motivation for the Study

Duration of time when lake is at maximum capacity (i.e. Legal Storage Limit) 

has been decreasing since ~1940.
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February, 2015

Natural Rim
2013

Motivation for the Study

What are the dominant factors 

controlling water level at Lake Tahoe?

How influential is evaporation in the 

overall water budget of Lake Tahoe?

Credit: Gerardo Rivera

June, 2013

US Coast Guard Piers

Tahoe City, CA Credit: Gerardo Rivera



Methodology: Estimating Evaporation

❑ Pan Evaporation

• Pan coefficient

❑ Bowen Ratio Energy Balance (BREB)

• Net radiation, heat storage, inflow, outflow, 

humidity & temperature gradients

❑ Eddy Covariance

• 3-D wind and water vapor

❑ Water Balance

• inflow, outflow, groundwater in and groundwater 

out, diversions, and precipitation

❑ Models

• Example: Complimentary Relationship Lake 

Evaporation (CRLE)

❑ Mass Transfer/Bulk Aerodynamic

• Surface temperature, humidity, and wind speed 

over water

Credit: © David Gn / Fotolia
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Water vapor flux from an open water body surface by 

way of turbulent diffusion as a function of wind speed 

and the vapor pressure gradient (Dalton, 1802)

Benefits: Low Cost, Minimal Data Requirements



Methodology: Buoys at Lake Tahoe

Wind Speed and 

Direction

RH/Air Temperature

Skin Temperature

Bulk Water 

Temperature

Net Radiation, 

Incoming and 

Outgoing Short-

and Long-wave 

Radiation

Barometric 

Pressure

NASA JPL Buoy

Water Column 

Temperature / 

Thermistor Chain

Image: MODIS terra Credit: Nathan C. Healey

© 2017 California Institute of Technology. Government sponsorship acknowledged.

❑ Deployed in 1999

❑ Continuous 

Measurements 

(every 5-min)

Custom JPL Radiometers

❑ 8-14 μm

❑ Accuracy: + 0.08 oC

❑ Calibrated at JPL with 

NIST-traceable stirred 

water bath blackbody



Evaporation Estimation at Lake Tahoe: “Hybrid Method”

Bowen Ratio Energy Balance (BREB) and Mass Transfer

16 different time periods (42-391 days)

for BREB analysis using 2011-2012 data

“Hybrid Method”

BREB estimates of H generate 

estimates of LE using the Bowen 

Ratio.

𝜷 = 𝜸
𝑼(𝑻𝒔 − 𝑻𝒂)

𝑼(𝒆𝒔 − 𝒆𝒂)
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𝑯 = 𝑪𝑯 ∙ 𝑼(𝑻𝒔 − 𝑻𝒂)
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𝜸 : psychrometric constant (m s-1)

𝑼 : wind speed (m s-1)

𝒆𝒔: saturation vapor pressure of water (kPa)

𝒆𝒂: vapor pressure of air (kPa)

𝑻𝒔: surface water temperature (oC)

𝑻𝒂: air temperature (oC)
U*(es-ea) in kPa m s-1
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(Lenters and Soylu, 2014; Lenters et al., 2005) 



Robertson et al. (2003)

Methodology: Water Balance

(PPT + SWin + GWin) – (Evap + SWout + GWout) = 0

where:

PPT = precipitation

SWin = inflow

SWout = outflow

Evap = evaporation (buoys labeled 1-4)

Assume groundwater exchange is negligible

© 2017 California Institute of Technology. Government sponsorship acknowledged.

Inflow and outflow data are from all 

USGS gaging stations around Lake Tahoe.
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Precipitation data is from the National Weather Service 

COOP station at Tahoe City 



Robertson et al. (2003)

Methodology: Water Balance

(PPT + SWin + GWin) – (Evap + SWout + GWout) = 0

(PPT + SWin) – (Evap + SWout) = 0

where:

PPT = precipitation

SWin = inflow

SWout = outflow

Evap = evaporation (buoys labeled 1-4)

Assume groundwater exchange is negligible
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COOP station at Tahoe City 



Results and Discussion: Diel and Daily Evaporation

• Computed rates at Lake Tahoe are comparable with other 

alpine lakes around the world.

➢ Range: 0.9 – 6.3 mm day-1

Daily Evaporation (2002 – 2015)

Lake Tahoe, CA/NV

(dos Reis and Dias, 1998; Elsawwaf et al., 2010; Ikebuchi et al., 1988; Gibson et al., 1996; Gibson, 2002; Sene

at al., 1991; Saxena, 1996; Kittel and Richerson, 1978; Patrick and Kauahikaua, 2015; Roy and Hayashi, 2008)

Alpine

Diel Cycle of Evaporation (2002 – 2015)

Lake Tahoe, CA/NV

(Dugan and McGauhey, 1974; Myrup et al., 1979; Trask, 2007; Huntington and McEvoy, 2011)

• Other estimates of Evaporation at Lake Tahoe:

➢ Range: 2.5 – 3.0 mm day-1

© 2017 California Institute of Technology. Government sponsorship acknowledged.



Results and Discussion: Daily and Monthly Evaporation

Data Length:

2011-2012 

1967-1969 

2000-2009 

2002-2015 
Due to the high thermal inertia of water,

peak evaporation occurs between August 

and October; lagging behind peak solar 

radiation and air temperature.

Monthly Evaporation

Solar 

Radiation

Air 

Temperature

Lake Tahoe Daily Evaporation (2002 – 2015)
Lake Tahoe Solar Radiation and Air Temperature



H

Results and Discussion: Seasonal Evaporation

(Images courtesy of NOAA)

Sea Level Pressure (mb)

Winter = Onshore Flow, Wet (Increasing 

Precipitation) = Water Level Rises

L

H

L

Water Level, Precipitation, and Evaporation



Summer = Offshore Flow, Dry (Increasing 

Evaporation) = Water Level Falls

H

Results and Discussion: Seasonal Evaporation

(Images courtesy of NOAA)

Sea Level Pressure (mb)

Winter = Onshore Flow, Wet (Increasing 

Precipitation) = Water Level Rises

L

Water Level, Precipitation, and Evaporation



Results and Discussion: Water Level, Precipitation, Evaporation

Anomalously high precipitation leads to 

higher lake levels

Anomalously high evaporation leads to 

lower lake levels.

Precipitation patterns at Lake Tahoe are 

seasonally wet in winter, and dry in summer.

Lake Storage 

Limit

Natural Rim 

ElevationWater levels dropped below the natural rim 

in 2005, 2010, 2014-2015.

Evaporation and Precipitation Anomalies

Water Level and Precipitation

February, 2015



Results and Discussion: Annual Water Balance

84%

16%

68%

31%
Note: Water added (P and SWin) are shown as 

positive values, and water removed from the lake 

(E and SWout) are shown as negative values.

Water Balance and Water Level ChangeWater Balance Components



Results and Discussion: Annual Water Balance

Calculated water level change based on water balance:

Very close agreement with observations, with a few exceptions

- Inflow measurement error

~69 inlets and only 10 USGS gages

- Precipitation measurement error

- Evaporation estimation error

Water Balance Component Anomalies Water Balance and Calculated Water Level

Potential Reasons for discrepancies in Calculated Water Level Change:

- Diversions for municipalities

ex. South Lake Tahoe, Tahoe City, etc.

- Diversions for commercial uses

ex. Golf courses



Results and Discussion: Stratification

Stratification Duration

Beginning of Stratification End of Stratification

(TERC, 2015; Sahoo et al., 2016)

Longer stratification seasons = warmer lake water surface temperatures = increased evaporation

Future Projections of  

Stratification Duration



Results and Discussion: Lake Ecology

(TERC, 2015)

What we can expect:

• Changes in fish 
species 
composition. 

• Less dissolved 
organic carbon 
and oxygen –
more visible light 
and more UV 
radiation 
penetration. 

• More weed 
growth – blue 
green algae 
growth.

• Longer 
stratification will 
alter mixing 
dynamics

Algae Exotic and Invasives

Dissolved Oxygen

Primary 

Production

Mixing Dynamics



Recent Drought Relief

22
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January 2016 

“Pineapple Express”

Credits: NASA/NOAA GOES Project

January 9, 2017

Truckee River – Late 2016

Truckee River – January 2017

http://littlegreenfootballs.com/page/322709_Northern_California_Flooding_-



Conclusions

In western USA: demand for water is increasing and supply is decreasing

- Need for improved water balance estimates

What are the dominant factors controlling water level at Lake Tahoe?

- Precipitation and Evaporation

How influential is evaporation in the overall water budget of Lake Tahoe?

- Accounts for roughly 80% of water losses.

- Average annual water lost to evaporation: 

❖ 535.8 million m3

❖ 434,000 acre ft.

❖ 141.5 billion gallons = ~800 thousand households

84%

16%

68%

31%
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Contact me at:

Nathan.C.Healey@jpl.nasa.gov

4800 Oak Grove Dr. 

Pasadena, CA 91109

818.393.5358
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Thank You!

“Whiskey is for drinking; water is worth fighting over” – Mark Twain

mailto:Nathan.C.Healey@jpl.nasa.gov

